In this work, a controller for regulating the transients in water distribution networks is established. The control technique is the H \ Control. The developed controller is applied to a water distribution network and the results of this application demonstrate that the technique allowed the establishment of a robust controller, capable of attenuating the disturbances in a suitable way, being effective in controlling the oscillations of the state variables in question.
Introduction
With the increase in the levels of urbanization and consequent growth in the demands for water, the water distribution systems have become more encompassing and their operation more complex. At the same time, the lack of sources that offer water in suitable quantity and quality has forced a search for alternatives that allow better management of the available water resources.
In the last few years, several attempts have been carried made to establish control systems applicable to water distribution networks (Miyaoka & Funabash, 1984; Ormsbee & Lansey, 1994; Souza & Chaudhry, 1999; Cembrano, et al., 2000) . The water distribution networks control systems have been implemented seeking to fulfill different objectives, amongst which hydraulic performance and economic effectiveness stand out. The hydraulic performance measures include the pressure levels, water quality and the determination of system reliability parameters; the economic effectiveness, in turn, is defined by distribution system operation and maintenance costs.
The H \ control (Doyle et al., 1989; Safonov et al., 1989; Doyle et al., 1992; Zhou et al., 1995; Terra et al., 2000) constitutes a technique that allows the development of robust automatic controllers, capable of assuring the fulfillment of criteria of hydraulic and economic effectiveness in water distribution systems, attenuating disturbances between input and output.
In this work, the problem of transient control in water distribution systems is discussed. A rigid model, used frequently for the evaluation of network transients, is presented and is used as a basis for the development of a H \ controller. After a brief presentation of H \ controllers design theory, a controller is established and applied to a hydraulic network.
This article is organized in the following way: item 2 discusses the problem of water distribution system transients, showing the hydraulic model and its linearization; item 3 presents the H ∞ control technique; an example of H ∞ controller application to a water distribution network is presented in item 4, where the example network features are presented and the results discussed. 
Nomenclature

Hydraulic transients in water distribution networks
Transient flow in a network occurs when it changes from one permanent state to another. A flow change in a conduit system occurs due to a change or variation in the boundary conditions. Amongst the several boundary conditions that can introduce transients, the most usual and that require analysis frequently are:
• Starting or stopping the pumps;
• Variations in the demands or consumptions;
• Accidental or programmed changes in the valves regulations;
• Change in a reservoir rise.
Two different models have been usually used for the analysis of transient flows in distribution networks: the rigid column models that do not take into account the water and conduit elastic effects and the models of elastic column, which take into account such effects. The rigid models are usually employed for the description of the mass oscillation phenomena (Onizuka, 1986; Shimada, 1989) ; the elastic models, in turn, are used frequently for the analysis of water hammer studies (Chaudhry, 1979; Wylie and Streeter,1978) . In this work, a rigid column model will be used following the proposed analysis.
-Transients in rigid conduits
Transient flow in a closed conduit is described by nonlinear partial differential equations corresponding to conservation of mass and linear momentum (Chaudhry, 1979) . The application of optimal control method adopted here requires, however, that these equations be formulated or transformed into linear ordinary differential equations. For the case of transients in rigid conduits, the momentum equation for a single pipe of length l reduces to the following ordinary differential equation:
where ' L = l / g and the
). In this equation, g is the acceleration of the gravity, a the cross-sectional area of the conduit, t the time, f the friction factor and d the diameter of the conduit. The continuity equation (1) and the equations that establish the boundary conditions describe the hydraulic transients according to the rigid column model. Three types of boundary conditions are expected in hydraulic problems: nodes denoting surge tanks with free surface levels;
nodes with a known outflow vector and unknown heads; and finally the nodes having unknown water consumptions but specified heads.
-Network equations
For a network consisting of different kinds of elements and specifications, the following system of state-space was proposed by Shimada (1992) for the vectors of independent pipe discharges (q I ) and heads (h I ) :
( ) 
is a linear transformation matrix, q I is the vector of independent discharges, ( ) 
-State-space equations and linearizations
The nonlinear equations (02) and (03) of the continuous system in the state-space form can be arranged as:
where f is a nonlinear vector function, U is the input vector as the control mechanism and X the vector of the state variables expressed as:
In order to analyze the transient states near the final equilibrium state, the system in Eq.(4) is linearized as:
with the following definitions for the perturbed state and control variables:
Here, x is the vector of state perturbations, u is the vector of input perturbations. The final equilibrium states X f and U f satisfy the following relationships:
. (10) Note that the constraints 4x4<4X f 4DQG4u4<4U f 4PXVWEHPHWZKHUH4.4GHQRWHVWKH norm of a vector.
-H ∞ ∞ Control design
H ∞ is a controller design method based on optimization, which guarantees stability and controlled system performance robustness. The purpose of this section is to describe the design procedure of an H ∞ controller (Chiang & Safonov ,1992; Doyle et al.,1992; Doyle et al., 1989; Francis, 1987; Maciejowski, 1989; Safonov et al., 1989; Zhou et al., 1995; Terra et al.,2000) .
The H ∞ norm of a multivariable transfer function G is given by:
where sup denotes the supremum of σ max (.) and σ max denotes the maximum singular value. The H ∞ norm can be used to "shape" or to "restrict" transfer functions.
The generalized regulator problem
Many control problems can be viewed as H ∞ control problems. In practice, one wishes to find a controller that satisfies simultaneously some objectives, such as disturbance rejection and sensor noise attenuation. Consider a linear system, described by the transfer function P (see Fig.1 ). The generalized regulator problem consists of designing a linear system K such that, with u = K y, the closed loop system (Fig. 1) 
H ∞ ∞ control solution
The solution described here is a result obtained by Doyle et al. (1989) . This solution makes use of two algebraic Riccati equations and designs a controller with the same number of states of the plant.
Given a block system P(2x2) and an upper limit γ to the closed loop gain, the solution returns a compensator K(s) that stabilizes the system such that
The following result is based on certain constraints on matrix D of the transfer function matrix of the plant P. These constraints may be ignored when applying the results of Safonov et al. (1989) . The transfer matrix P is of the form 
which represents the following set of equations:
The following assumptions are made:
1. (A,B 1 ) and (A,B 2 ) are stabilizable; 
The process of finding a sub-optimal H ∞ controller is iterative. Beginning with an arbitrary value of γ, e. g., γ = 1, if one of the conditions above fails, then γ is too small and a solution does not exist; therefore, γ should be increased.
Moreover, when these conditions hold, one such controller is
where
Results and discussion
This section presents the distribution network in which the H \ control was applied, the established controller and some of the results obtained from the application of this controller to the distribution network.
Distribution network under study
The simple network used by Shimada (1992) is chosen for implementing the H \ control formulations presented in this paper. The formulation is quite general, however, for the application to large size networks. The example network (Fig. 2) has 5 pipes, 2 variables level reservoirs with overflow weirs (nodes 1 and 2), 2 demands nodes (3 and 4), 2 constant level reservoirs (nodes 5 and 6) and 4 pressure reducing valves in pipes 1, 3, 4 and 5. (Shimada,1992) The pipe and node data are presented in Tables 1, 2 and 3. Tables 4 and 5 
The H \ Control
For the H \ controller design, the matrices of state A, B, C e D were defined as follows: The behavior of state variables x 1 , x 2 and x 3 , which correspond to the outflow variations in relation to the equilibrium conditions in pipes 2, 4 and 5 of the network being considered, are graphically represented in Fig. 4 for each of the assumed disturbances in the outputs.
Daily pattern of change in consumption Damped sine wave consumption change
Step change in consumption 1
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Time ( Additionally, it is worth noting that the outflow behavior in pipes 2, 4 and 5 of the network (respectively variables x 1 , x 2 e x 3 ) is different, regardless the scenario used in the simulations; in all the cases, the removal of water through the consumption nodes initially causes a decrease in the pipe 2 discharge and a large increase in the discharges in pipes 4 and 5 of the network. Further along time, however, this behavior periodically alternates itself until the equilibrium condition is reached.
-CONCLUSIONS
This work demonstrated the application of the H ∞ control technique to control transients in water distributions networks submitted to external disturbances. In the simulations carried out, the disturbances represented sudden removal of water at different points of the distribution network and followed different temporal variation patterns.
The results demonstrated that the computed controller is effective in controlling the discharge oscillations in different parts of the network, being capable of suitably rejecting the disturbances and of quickly conducting the system back to the desired condition.
It should be observed that the H ∞ computational procedure for identifying the controller applied here to a simple hydraulic network can be usefully applied to larger networks once the rigid column conditions and those imposed by linearization are met with.
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